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Solutions of the low-energy beta-particle emitters 2*'Pu and >Ni have been standardized using the method of 4nB liquid
scintillation (LS) efficiency tracing with H. The *'Pu has also been standardized by the method of 4ma(LS)~v coincidence and
anticoincidence counting of the 2'Am daughter (o follow its ingrowth in a separated sample. The S3Ni solution was previously
standardized at NIST by calorimetry. The uncertainties in the radioactivity concentrations obtained using these micthods are

discussed.

1. Introduction

The low-energy beta emitters 24! Pu (20.82 keV) and
63Ni (65.88 keV) [1] are difficult to standardize for
activity because of the short range of the beta particles.
Such standards are needed for the assay of ?*'Pu in
mixed Pu isotopes and for the assay of ®*Ni in power
reactor waste samples. Table 1 lists the pertinent nuclear

- decay data for these two radionuclides. Table 2 gives a
selected list of methods which have been used to stan-
dardize the two radionuclides. There are, of course,
advantages and disadvantages associated with each
method. Due to the relatively long half-lives, mass spec-
frgmdtaie rmeiliods will give pond results far MBg activs
ity samples. Mass spectrometers, however, are not avail-
able in all laboratories which have requirements for
assaying these nuclides.

Calorimetry has been used for *Ni [2], but the
samples were 50 GBq each. Samples of *!Pu of com-
parable power level would require a factor of 3 more
activity (corresponding to about 4 Ci). An additional
drawback to calorimetric assays of 24'Pu is that large
corrections are necessary to correct the observed power
for the other Pu isotopes and the *Am daughter, all of
which are alpha-particle emitters.

Of the counting techniques, the best known is the
41B—y coincidence efficiency-tracing method [3,4]. In
this method a B—y emitter is first standardized using the
cotventional 4y coincddence methad. The bista-par-
ticle detector is usually a pressurized proportional coun-

* Formerly National Burcau of Standards.
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ter, but may also be a liquid scintillator, while the
gamma-ray detector usually consists of one or two
Nal(Tl) crystals. Mixed radionuclide samples of the
B-y emitter and the pure B emitter are then measured,
and the efficiency of the latter is “traced” with that of
the standard B~y emitting nuclide. The method works
best when the two nuclides have similar B-spectrum
shapes in the low-energy region [5]. Two Canadian
(AECL [6], NRC [7]) and one Austrialian (AAEC [8])
national standards laboratories have used this method
to standardize *Ni. All three groups used ®Co as the
tracer nuclide, thin-film sources, and proportional coun-
ters as the § detectors. Lowenthal et al. {8] were able to
obioin B-particle detection efficiencies approaching 86%
for ®*Ni, which are comparable to those obtained with
two-phototube liquid-scintillation (LS) systems. We have

Table 1
Selected nuclear data for 2!Pu and ®*Ni
24t Pu 63Ni

Half-life [yr] 14.35+0.10 100.07£2.00 [2]
Epmax [keV](ref. [1])  20.8210.20 65.8840.15[1]
Epave (keV] (ref. (1]} 5231005 17.13+0.04 {1}
Atomic mass [g] 241.0568 62.9297
Specific activity

{Bq/¢} 3.824x10'?  2113x10%
Specific power

[uW/TBq] 0.838 2.744
Alpha-particle {(2.461+0.01) none

branch x10~3
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Table 2

Methods fo standardizing 24! Pu and ®Ni
Method Ref.

24'py  Mass spectrometry {24}
Daughter ingrawth [26)
Sum-to-coincidence LS counting 9
Singles-to-coincidence LS counting [10)

S3Ni  Calorimetry 21
Efficiency tracing with *°Co (6-8]
Discriminator-extrapolation LS counting  {25]
4nB(LS) efficiency tracing with C (23}

Triple-to-double-coincidence LS counting  [12)

found no record of this method having been applied to
241py B-particle measurements.

Several LS techniques have been used for direct
activity measurcments of low-cnergy P cmitters since
the early work of Horrocks and Studier {9). One of the
radionuclides they considered was 2*'Pu, and this
method was extended by Denecke et al. [10] for **!'Pu to
give the relationship between the singles (individual
phototube) and coincidence counting rates for two-pho-
totube counting systems. The disadvantage to this ap-
proach is that one must accurately measure the singles
counting rate, which includes both a significant back-
ground due to thermionic emission (dark current) and a
contribution due to after pulsing [11].

More recently Pochwalski er al. [12] have used a
triple phototube LS counter for *Ni. In this case the
triple-to-double-coincidence ratio (TDCR) is extrapo-
lated to unit efficiency and the activity of the sample is

obtained without recourse to other standards, and ~

without using the singles counting rates.

In the present work we apply the shethod of
4qB(LS)-efficiency tracing with *H [13-15]. The theory
of this method has been described in some detail in a
recent paper on the standardization of ¥C [15]. The
coincidence counting efficiency, ¢, for a pure 8 emitter
in a two-phototube coincidence counting system is given
by

€= { A Fomp(Z, E)
x [1~ exp(~ En@(EYW(E))]" 4 )

x { [*"™p(Z,E) dE _1, (1)
k

where P(Z, E) dE is the Fermi distribution function,
7 is the figure of merit, photoelectrons per keV, Q(E) is
the ionization quenching function, and W(E) is a wall-
loss function, taken here as unity for these low-energy
particles.

A LS sample of *H-water of known activity, N, is
measured and its beta-particle counting rate in the
coincidence mode, N, is used to calculate the counting
efficiency as e, = N;/N,. Best estimates are then estab-
lished for the 7 and Q(E) terms in eq. (1) such that the
integration for H leads to the obscrved valuc for e.

With the system calibrated in this manner, eq. (1)
can be used to compute the counting efficiency for
other pure-B emitters providing the B energy distribu-
tions are known. The method has been demonstrated
for *C [15] and **Tc [14), which have maximum B
energies of 156.5 and 293.5 keV, respectively. We were
interested in seeing if the method could be applied also
to the standardization of 2*'Pu and ®*Ni, as these are
the two low-energy pure- emitters of greatest practical
interest,

The **'Pu measurements were made on a sample
obtained from Oak Ridge National Laboratory (ORNL)
shortly after a Pu separation was performed at ORNL
on March 10, 1977. Since that time we have been
following the ingrowth of the *'Am (T} , =4322yn) b,
4ma(LS)-y coincidence and anticoincidence counting.
We are thus able to compare the activity results from 8
counting of %*'Pu with those obtained indirectly by a
counting of the 2Am daughter.

The measurements on ®*Ni were carried out on
NIST Standard Reference Material (SRM) 4226B, the
same material previously standardized at NIST by
calorimetry [2]. Due to its long half-life, and the high
purity and stability of this material, it is possible to
comparc the present results with those from several
other laboratories taken over a period of 18 years.

2. Experimental section
2.1. Materials

The 2*'Pu (74 MBq) from ORNL was examined for
radionuclidic impurities and all the emissions observed
could be attributed to **'Pu plus progeny. The ORNL
material was diluted with SM nitric acid. The diluted
samples have been distributed as NIST SRM 4340,

The preparation of the ®*Ni used for SRM 4226B
has been described by Barnes et al. [2]. The material
was produced by a high-flux reactor irradiation at
Savannah River of an ORNL-prepared, enriched $?Ni
target. Thus, the material docs not contain the long-lived
*Ni normally present along with *Ni as a reactor
activation product. The only impurity noted in the 1969
certificate was 1.6 ppm of '""Ag (249 d half-life). The
chendcal form of the standard solntion is 82 pg of Nias
NiCl, per gram of IN hydrochloric acid.

The *H-water standard used was gravimerrically re-
lated to SRM 49278 [16}.
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The premixed scintillator used was * PCS (Amers-
ham Corp.). For the 2*'Pu samples it was necessary to
add a chelating agent, di-ethylhexyl phosphoric acid
HDEHP {17} (K&K Laboratories), to prevent loss of
plutonium from the scintillator. The HDEHP con-
centration was 0.05M in the PCS solution.

Measurements of **'Pu and “’Ni in the commercial
liquid-scintillation counter were made using 10 ml of
scintillator in standard 2.7 cm o.d. screw-cap vials. The
241py «~y coincidence measurements were made using
3.5 ml of scintillator in glass hemispheres of 3.8 cm o.d.

2.2. Equipment

The efficiency-tracing measurements reported here
were made using a2 Beckman model LS7800 counter
operating at ambient temperature. Previously, measure-
ments using these same materials and scintillators were
made with a Packard model 3320 operated at 6°C.

The 4ma(LS)-y coincidence and anticoincidence
measurements were made using the detector described
by Lucas {18]. This system consists of a single RCA
8575 phototube for the LS alpha-particle detector and a
5 in.xX4 in. Nal(TI) crystal with a 2 in. well as the
gamma-ray detector. The hemispherical cell containing
the scintillator is coupled with silicone grease to the face
of the vertically mounted phototube and the Nal(TI)
well crystal is lowered over the cell-phototube from
above.

2.3. Methods

The samples were prepared by gravimetrically de-
positing 20-70 mg of the aqueous sample into the vials
containing scintillator. For the cfficicncy-tracing mca-
surements three sets of vials were prepared: one each
containing *H, 2*'Pu, or ®*Ni. In each set, two samples
were deaerated with argon gas to ohtain the highest
possible counting efficiency.

Each set of vials was monitored over a period of
weeks to study the sample stability. For 'Pu contain-
ing HDEHP the stability was excellent. It was possible
to combine data taken over 17 days.

For the *H and ®*Ni, problems were observed which
are related to the stability of the reverse micelles formed
when water is dispersed in the organic scintillators.
Previous measurements with PCS (containing of the
order of 1% water) at 6° C gave extremely reproducible

* Mention of commercial products does not imply recom-
mendation or endorsement by thie National Institate of
Standards and Technology, nor does it imply that the prod-
ucts identified are necessarily the best available for the

purpose.

counting efficiencies for H, 2*'Pu and 5’Ni over long
periods.

At ambient temperature, however, the micelle struc-
ture appears to collapse¢ with time (a film of finely
dispersed water droplets can be seen) resulting in a
decrease in *H-water counting efficiencies of about
0.16% per day. We usually use *H data only from the
first few hours after sample preparation. With $*Ni,
losses were also observed in the count rates of about
0.1% per day and neither HDEHP nor additional Ni
carrier could prevent this loss. The same problem has
been observed with different radionuclides (3*Fe) and
scintillators (Beckman Readysolv HP). A detailed study
of this phenomenen would require measuring the tem-
perature dependence of the distribution coefficient of
the cation between the aqueous and organic phases. For
the 2*'Pu samples, the chelated cation appears to stay in
the organic phase and the count rates are constant.

3. Results and discussion

3.1. Standardization of **! Pu by **'Am-daughter-ingrowth
measurements

The half-lives of 2'Pu (14.35+0.10 yr) [19] and
21Am (432.2 4 0.5 yr) [19] are now fairly well estab-
lished. 2'Pu decays [19] partially by alpha-particle
emission (f, =(2.46 +£0.01)x107°) but primary by
beta-particle emission to 2'Am. ?Am decays totally by
alpha-particle emission. The alpha peak in the liquid
scintillator is well separated from the *'Pu § spectrum,
which is comprised of low-amplitude pulses near the
noise level.

If we start with pure *'Pu at time +=0, we can
write the 2*!Pu and 2*'Am disintegration rates as [27]

Qdﬁ =MA; = NA; o™ 1)
t

and

sz _ _ o (e—)\,r - e—)\:l)

=7 —NA=(1 f) (N MM)W)—‘.

@

where N is the number of atoms, A is the decay
constant, ¢ is the time since purification, and f, is the
241py alpha decay fraction. Subscript 1 denotes 2*'Pu
and subscript 2 denotes 2*'Am.

The corresponding alpha-particle-emission rates are

d

( dh:l )u =fuN|0A, e M, 3
dn. A

(Trl)f (1 -f«>N:°AaAzE‘<T\:':§T)—) (4)
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Adding egs. (3) and (4) and solving for the initial
241py, disintegration rate, N'A,, we have

),
foetrs ampn Sz

The numerator is the tow! aipha-particleemission
rate measured in the liquid seintillator. All of the terms
in the denominator are known.

Total  alpha-particle<emission-rate  measurements
were ‘cartied out 48 tiwics during a period of 7.6 years
using 4na(LS)-y coincidence, 4na(LS)-y anticoinci-
dence, and 4na(LS) integral measurements. No statisti-
cally significant difference exists between the results
obtained using any of these methods.

At each measurement time, the total alpha-particle-
emission rate was converted to the corresponding 2!Pu
initial disintegration rate using eq. (5). One value was
rejected and the remaining 47 values for the %! Pu initial
disintegration rate were fitted by linear regression. The
slope of the line was less than 0.007% per year with a
statistical uncertainty of slightly more than 0.007% per
year (i.e., the slope is statistically indistinguishable from
zero). The estimated one standard deviation of the fit at
the time of purification is 0.024%.

In 1986 a dilution of this material was issued as
SRM 4340 with an activity concentration of 148.4 Bq/g
(July 11, 1986) with an overall uncertainty of 0.99%.
The individual contributions to this uncertainty are
given in table 3.

NOA, = (5)

3.2. Standardization of **'Pu and %°Ni by 4nS(LS} ef-
ficiency tracing with *H

The Fermi distributions for *H, 2*'Pu and “*Ni arc
shown in fig. 1. These were computed using the pro-
gram EFFY2 [20] on the NIST CYBER 855. The Fermi
distribution has the general form

P(Z, Ey=C(E)F(Z, E)Lo(Z, E)
X (E,~ EY(E+1p, (6)

where E, is the maximum kinetic energy of the beta
particle, in units of myc?, of the spectrum i, C(E) is
the shape factor, Fy(Z, E) Ly(Z, E) is the Coulombic
factor, Z is the atomic number of the residual nucleus,
and p is the lincar momentum,

The maximum energies used for the *'Pu and ®Ni
were those given in table 1. The **'Pu and $*Ni Fermi
distribution maxima are shifted to lower energies, rela-
tive to tritium, primarily due to the Coulombic effect.
The average energies computed for the two, 5.25 and

Table 3

Estimated uncertainties {(one standard deviation or an ap-
proximation thereof) in the 2!Pu activity as determined from
the measurement of *4'Am ingrowth

Source of uncertainty Uncertainty [%)
Individual uncertainties
() alpha-particle-emission-rate
measurements (1 = 47) 0.02
(b) gravimetric measurements 0.05
(c) dead time 0.05
(d) resolving time 0.10
(e) background 0.05
(f) pulse-height extrapolation 0.25
(g) half-lives 0.13
(h) impurities 0.10
Combined uncertainty
(individual uncertainties
added in quadrature) 0.33%
X 3
Overall uncertainty
(taken as three times the
combined uncertainty) 0.99%
100
By :
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Fig. 1. Computed differential-encrgy spectra for three low-en-
ergy beta-patticle emitters based on a Fermi distribution as-
suming allowed transition.
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Fig. 2. Relationships between the figure of merit (n), the quench parameter (H*), and the two-phototube coincidence counting
elficiencies for three low-energy beta-particle emitters {15). This nomograph is strictly valid for only one scintillator and couniing
system.

17.16 keV, respectively, are in good agreement with
those in table 1.

The efficiency tracing with *H involves substitution
of the Fermi distribution P(Z, E) dE for *H into eq.
(1), and solution of the equation for the optimum value
of 7Q(E). The ionization quenching function, Q(E), is

given by
Q(E) = (1/E) j; fdE/(1 + kB(dE/dx)), ™)

where kB is the specific ionization density and dE/dx
is the specific energy loss. The computed efficiencies

Table 4
Measured and computed counting efficiencies for 2*!Pu using the Beckman model LS7800 counter and 10 ml of PCS scintillator
Samiple Horrocks’ Figuie of Measur=d ¢, » Cemputed ¢ ® Difference ©
H* merit, 7 (15] (eq. (1)) %]
1 522 0.443 ) 0.4817 0.4792 0.52
2 54.5 0.434 0.4741 04735 013
k} 56.3 0.428 0.4679 0.4693 -0.30
4 60.4 0.413 0.4604 0.4590 0.30
5 61.7 0.408 0.457¢ 0.4560 0.22
6 67.6 0.388 0.4462 0.4421 0.92
7 71.0 0.377 0.4375 04337 0.87
8 720 0.374 0.4380 0.4312 1.55
9 72.5 0.372 0.4322 0.4300 0.51
10 731 0.370 0.4341 0.4286 1.27
11 75.1 0.364 0.4236 0.4240 -0.09
12 710 0.358 0.4236 0.4190 1.09
13 771 0.358 0.4198 0.4188 0.24
14 778 0.356 0.4222 0.4173 1.16
Average +0.60%

) Measured beta-particle counting rate divided by 2! Pu activity from 2*'Am ingrowth measurements.
® Computed using eq. (1), program EFFY2 with NIST CYBER 855.
& [(€measures = (mmpmed)/cmesured] X 100.
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Table 5

Measured and computed counting efficiencies for $>Ni using the Beckman model LS7800 counter and 10 m! of PCS scintillator

B.M. Coursey et al. / Standardization of **' Pu and **Ni

Sample Horrocks’ Figure of Measured ¢, Computed ¢, Difference ©
H* merit, 7 {15] (eq. (1) {%)
1 570 0.425 0.7888 0.7932 —-0.56
2 57.0 0.425 0.7864 0.7932 -~0.86
3 58.8 0.418 0.7844 0.7908 -0.82
4 58.3 0.420 0.7832 0.7915 -1.06
5 58.8 0418 0.7816 0.7908 -1.18
6 58.8 0.418 0.7848 0.7908 -0.76
7 589 0.418 0.7865 0.7907 -0.53
8 59.5 0.416 0.7802 0.7900 -1.26
9 60.6 0.412 0.7814 0.7885 -0.91
10 60.7 0.412 0.7827 0.7884 -0.73
11 634 0.402 0.7793 0.7848 -0.71
12 63.7 0.402 0.71717 0.7846 ~0.89
12 640 0.400 0.7761 0.7840 -1.01
14 64.2 0.400 0.7799 0.7838 ~0.50
15 65.8 0.394 0.7742 0.7817 -0.97
16 66.2 0.393 0.7701 0.7812 -1.44
17 674 0.389 0.7693 0.7795 -1.33
18 694 0.383 0.7743 0.7770 -0.35
19 69.8 0.381 0.7696 0.7763 -0.87
20 70.2 0.379 0.7734 0.7755 -0.27
21 70.3 0.379 0.7703 0.7755 —0.68
22 721 0.374 0.7671 0.7731 -0.78
23 721 0.374 0.7666 0.7731 -0.85
24 72.4 0372 0.7692 0.7727 -0.46
25 73.2 0.370 0.7675 0.7716 —-0.53
26 74.0 0.367 0.7649 0.7705 -0.73

Average —0.81%

* Measured beta-particle counting rate divided by ®*Ni activity from 1968 calorimetry measurements, using a 7, valuc of 99.49 yr.

® Computed using eq. (1), program EFFY2 with NIST CYBER 855.

R (C 3= €computed)/€ 1]%100.

depend slightly on the value used for kB. Here we have
used kB = 0.0075 MeV/cm based on measurements of
electron-capture and isomeric-transition radionuclides
which will be described elsewhere. The stopping power
data, d E/d x, have been taken from Seltzer and Berger
[21].

The relationships between % and the computed ef-
ficiencies for *H, 2*'Pu and ®*Ni are shown in fig. 2.
The efficiency for *H is measured for several samples
and an empirical relationship is established between the
3Y efficiency and the Horrocks’ H¥*, Thus, for 241Pu

H efficien y and the Horrocks®
and *Ni samples which give an H* of 65, for example,
the computed coincidence counting efficiencies can be
taken from fig. 2 as 0.45 and 0.78, respectively. This
nomograph is strictly valid for only one scintillator and
counting system. The *H efficiency versus H* curve
must be established for each set of experimental condi-
tions. .

Tables 4 and 5 give the counting efficiency results
for the >*'Pu and 5’Ni, respectively. The samples with
the lowest H* for each set are those which were
deaerated with argon.

The principal hncertainty is that due to the *H
standard source. The 0.7% uncertainty in the 3H in the

3H standard leads to the same 0.7% uncertainty in
**Pu, but only 0.2% uncertainty in the i *.

In addition to the uncertainties due to ionization
quenching and those due to the *H standard solution.

- there are three others that should be considered because

of the low cnergies of the 8 particles involved, namely.
uncertainties due to:
(1) end point energies,

£9) R ensotral chanaes and
<) ¢ spectiral shapes, and

(3) asymmetry of phototubes.
The first two are related. In the case of 5>Ni, we have
followed the ENDSF evaluators {1] in assuming an

* An alternate method of efficiency tracing which is superfi-
cially similar to the one reported here has been developed by
Ishikawa et al. [23], which uses ' C to trace pure B emitters.
Their result for a N solution is 3.5% different from the
certified value. As we have mentioned elsewhere {15), *H is a
better choice for the tracer nuclide because it introGuces less
uncertainty into higher-energy radionuclides.
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allowed transition of maximum energy 65.88 + 0.02 keV,
An uncertainty of 20 eV in Eg,,, has a negligible effect
on the computed efficiency.

With respect to the spectral shape, it is interesting to
note that the fraction of decay events having energy
greater than 5 keV for $*Ni is 0.796, which is nearly
equal to the coincidence counting efficiency of 0.78. The
counting efficiency is strongly correlated with the Jow-
energy fraction [22), since events for which Ej; exceed
20 keV will be detected with 99% efficiency.

For *'Pu, the spectral shape is not as well known.
Again, we have followed ENDSF in assuming an al-
lowed distribution and we obtain an average energy
consistent with the literature {1].

Here, as in previous papers, we have assumed that
the light is evenly divided between two identical photo-
tubes. Since this is not likely to be the case, we have
considered the effect of an asymmetry on the computed
counting efficiencies for *'Pu and %*Ni. With reference
to eq. (1), the argument in the exponential e~ is the
average number of photoelectrons incident on the first
dynode of one photocathode (n, = EnQ( E)W(E)). By
taking the square of the bracket term, we have assumed
ny=n;=ny. When ny # n, the bracket term in eq. (1)
must be replaced by

[1 - exp(—n,)][1 - exp(—n5)]. ¥
Assuming that the total number of photoelectrons arriv-
ing at both first dynodes is n; + n, = 2n,, we introduce
the half discrepancy ratio

_1nm—n
An= 3 hy

Thus.

ny—~ny=2n4 An,

and we obifiin

ny=no(1+An), ny=ne(l—A4an).

The bracket term in eq. (1) now must be replaced by

[1—exp(—no(1 +An))]{1 —exp(—no(1-An))].
(%)

For a system in which An =10%, the errors introduced
in the computed efficiencies for *'Pu and **Ni will be
0.01% and 0.04%, respectively.

The estimated uncertainties in the 2'Pu and ®*Ni
activities determined by the method of efficiency trac-
ing with *H are given in table 6, The reference methods
used to obtain the certified activity values were the
4na(LS)~y anticoincidence 2*'Am ingrowth method for
the 24Py, and the calorimctric method for B8 In
order to compare the $*Ni value from efficiency tracing
with the earlier results, it is necessary to re-evaluate the
1968-1972 measurements in light of more recent data.

Table 6
Estimated uncertainties (one standard deviation or an ap-

_ proximation thereof) in the activities of 2'Pu and ®*Ni as

;‘letcrmincd by the method of 4«B(LS) efficiency tracing with
H

Source of uncertainty Uncertainty [%)
24) Pu GJNi
Individual uncertainties
(a) 3H gas-counting standard (0.2%) 0.20 0.06
(b) *H efficiency vs H* calibration
for scintillator (0.34%) 0.34 0.11
(c) liquid-scintillaticn measurements
241py(n =14), ©>Ni(n = 26) 0.55 0.29
(d) sample instability 0.08 0.15
(¢) ionization quenching correction 0.06 0.12
(f) wall effect nil nil
(g) asymmetry of phototubes
(A =10%) 0.01 0.04
(h) uncertainty in maximum energy 0.74 0.07

Combined uncertainty
(individual uncertainties added
in quadrature) 1.01% 0.38%
X 3 X 3

Overall uncertainty
(taken as three times the
combined uncertainty) 3.0% 11%

3.3. A re-evaluation of the decay data used in the calori-
metric measurement of *Ni

The activity is obtained from calorimetric measure-
ments by dividing the energy emission rate in micro-

Table 7

Summary of measurement results for NIST ©Ni solution
Standard Hcefercnee Ifatciial 4226, Reselts wocrectsd 10

December 1, 1984 using a half-life value of 100.07 (+2%) yr [2)
Laboratory Method

Radioactivity Overall ¥

conc. uncertainty {%]
. [MBq/g]
NIST calorimetry 1.347 11
NIST 4aB(LS) eff.
tracing
with *H 1.336 1.1
AAEC([8] eff. tracing 1.322 14
AECL[6] eff. tracing 1.358 1.1
NRC [7] eff_tracing 1.330 1.1
mean 1,340  Std. dev. 1.1%

™ The overall uncertainties from the earlier measurements
were estimated in different ways, and they have nc. been
re-evaluated. It is interesting to note what the standasd
deviation for the set of five values is in excellent agreement
with the estimates of uncertainties by the different investiga-
tors.
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watts by the average decay energy. Barnes et al. [2),
using a maximum cnergy of 65.87 kcV, computed an
average energy of 17.23 + 0.04 keV. A better case can
be made for using the average energy from the ENDSF
evaluators of 17.13 £ 0.04 ke™/, which changes the activ-
ity by 0.58%.

Using this value for the average energy, we have
corrected the 1968 calorimetry data. The results ob-
tained by calorimetry, and by efficiency tracing with
3H, are compared in table 7 with those obtained by
other investigators. It may be seen that the present
results are in good agreement with the other methods.
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